Light emission from a quantum well-dot structure comprising amorphous Si nanoparticles (∼1.4 nm) embedded in SiC/SiN x multilayers (a few tens nm thick for individual sublayers) was investigated. Strong blue-green photoluminescence was measured at room temperature on the as-deposited samples and the spectral profile shows some markedly modulated features. It displays flattened profiles of roughly equal intensity when silicon particles in both nitride and carbide sublayers can be effectively excited, whereas when the nitride sublayer is less effectively activated at longer excitation wavelength the photoluminescence is pinned (here at 500 nm), showing a rather narrow, slowly decreasing profile. The phenomenon of narrowed emission is also observed in the Si-in-SiC multilayer consisting of particles of varying size distributions. Resonance energy transfer processes among particles modified by carrier confinement may provide a reasonable explanation.
Introduction
Intense and manipulable light emission from low-dimension silicon nanostructures is a key prerequisite for the realization of full silicon as well as silicon-based photonic and optoelectronic devices [1] [2] [3] . In the past nearly two decades, arduous efforts have been made to squeeze light from silicon, and a great multitude of exciting results concerning the optical and electronic properties of diverse silicon nanostructures have been acquired [4] [5] [6] [7] [8] [9] [10] [11] [12] . It is now well established that silicon nanoparticles embedded in various silicon compound matrices can act as excellent light-emitting centers so that strong photoluminescence (PL) across the whole range of visible light has been realized [6, [9] [10] [11] [12] [13] [14] [15] . At the current moment, the size of silicon particles has been pushed towards 1.0 nm both 4 Author to whom any correspondence should be addressed.
for an enhanced efficiency and shorter wavelengths following the quantum confinement mechanism [5, 10, 13, 16] . The fluctuation in the particle size at such a reduced dimension is small in absolute quantities. It implies, however, a significant spectral broadening, in wavelength or in photon energy scale, for the quantum confinement light emission [13] which, if not readily excited by one unique wavelength, can be easily revealed with a modest variation of the excitation wavelength. This often displays a noticeable PL profile shift following the variation of the excitation wavelength.
The wide-spectrum character of light emission may be advantageous for applications such as white board display, color display, wide-range sensitive UV detection, etc [17] . In order to realize a PL of roughly equal intensity over a wide spectral range by using one single excitation wavelength, or a PL that exhibits comparable intensities over a wide spectral range under varied excitation wavelengths, we investigated the emission properties of extremely small silicon nanoparticles (<2.0 nm) uniformly dispersed in SiC/SiN x multilayers. The material choices are based on the consideration that highdensity silicon nanoparticles can be grown in them to make a good absorbent for UV, while being able to obtain a light emission in the blue-green region. Moreover, the smaller bandgap of the SiC matrix can be considered advantageous when electrical excitation is of interest, whereas the large dielectric constant, refractive index and the capability to barricade dopant diffusion for Si 3 N 4 have led to an increased interest in ultrathin silicon nitride films as a potential gate dielectric, passivation, antireflective coating, etc [17, 18] . In addition, the confinement of the amorphous SiC (bandgap ∼3.2 eV) within SiN x (bandgap ∼5.0 eV) layers is helpful to suppress the carrier diffusion and to spatially localize free carriers in a small region where non-radiative recombination centers can be easily saturated. In this paper we present the measurement of PL from Si nanoparticles embedded in SiC/SiN x multilayers which, when the width of the individual layers is brought down to a few nanometers, may constitute a true quantum well-dot system. Surprisingly, the PL profiles are not seriously broadened as expected, and a 'pinning' of the PL spectra obtained under varied excitation wavelengths was observed, which might be attributed to the modulation of the energy transfer processes among the silicon particles by the presence of the wells.
Experimental details
The Si-in-SiC/Si-in-SiN x multilayered films were grown on Si(100) wafers by using a capacitance-coupled plasmaenhanced chemical vapor deposition system with a gas mixture of high-purity SiH 4 (previously diluted with H 2 to 2.0 vol%), CH 4 (N 2 ) and H 2 . Two combinations of the precursor gases were alternately introduced into the reaction chamber at flow rate ratios of SiH 4 :CH 4 :H 2 = 2:10:8 and SiH 4 :N 2 :H 2 = 8:8:8 (in sccm), respectively. The rf power was supplied at 40 W and the substrate temperature, rising only slightly above room temperature from plasma irradiation, was controlled below 40
• C in the due course of sample preparation. At a stable growth rate of ca. 20 and 10 nm min −1 , the thicknesses of the Si-in-SiC and Si-in-SiN x sublayers were tuned by adjusting the deposition time. For the case study, three Si-in-SiC/Si-in-SiN x samples were investigated in detail here, which have a period of 100/30 nm, 60/10 nm and 20/10 nm (labeled accordingly as samples A, B and C), respectively. The corresponding numbers of periods are 10, 20 and 30 so as to maintain a thickness of roughly 1000 nm for each sample. The matrix material silicon carbide is assuredly stoichiometrical, whereas the silicon nitride grown under conditions favorable for the formation of distinct silicon nanoparticles is generally slightly nitrogen-deficient; therefore we employ the notation SiN x , with the 'x' 'values centered around 1.10 to emphasize the fact. Monolayered Si-in-SiC and Si-in-SiN x films were prepared under the accordingly identical conditions for comparative study.
In order to reveal the emission mechanism, a period-3 Si-in-SiC multilayered structure was also grown by periodically tuning the processing parameters, in which the individual sublayers (and also the three corresponding monolayered Si-in-SiC films) were deposited with a varying flow rate of SiH 4 set at 0.5, 2.0 and 16.0 sccm, respectively. The flow rates for CH 4 and H 2 are fixed at 10 and 8.0 sccm. For details of the preparation and a PL study of the pure Si-inSiC system, see [13] .
The periods of the multilayered samples were determined from high-resolution transmission electron microscopic (TEM, Tecnai F20) micrographs which also help identify the presence of Si nanoparticles in deposits and characterize their sizes and number densities. All the as-deposited samples, when exposed to irradiation from an ultraviolet lamp, can emit very strong blue-green light readily visible to the naked eye. The PL spectral features were determined at room temperature on an FLS 920 fluorescence spectrometer (Edinburgh Instruments Ltd) using the 200-900 nm spectral lines from a xenon lamp as the excitation source.
Results and discussion
The microstructure of the Si-in-SiC/Si-in-SiN x multilayers was revealed by the TEM micrographs, of which one taken on sample C was shown in figure 1. Due to the absorbance contrast, the alternate sublayers of SiC (bright) and SiN x (dark) are clearly recognizable, and the reproducibility of the lattices is reasonably good. In the high-resolution TEM micrograph (on the right in figure 1 ), well-separated Si nanoparticles are found uniformly distributed throughout the individual layers of the multilayered structure, with the number density being as high as 5.9 × 10 12 cm −2 (read from the graph). This number density suffers from some uncertainty because of the diffuse particle/matrix boundaries and the amorphous nature of the deposits. In particular, the contrast between the amorphous Si and SiC under TEM is rather insignificant.
As demonstrated in our early publications [10] [11] [12] [13] [14] 19] , the average size for silicon particles achieved in SiC is less than that in SiN x prepared under similar growth conditions. Yet the quantum confinement PL emission may have a shorter wavelength in SiN x than in SiC since the former provides a stronger confinement to the silicon nanoparticles. As expected, the PL from the Si-in-SiN x single-layered film concerned here exhibited a spectrum centered at 458 nm, whereas that from the Si-in-SiC structure was found peaked at 486 nm (figure 2). From the TEM micrographs and judging from the corresponding PL spectra, the silicon nanoparticles are roughly the same in the individual layers, being estimated to be ∼1.4 nm in size. At first glance, the PL from the multilayered structure can be taken as the superposition of the emissions from the individual Si-in-SiN x and Si-in-SiC sublayers, exhibiting a considerably flattened peak. The full width at half-maximum measures ∼140 nm. We noticed, however, that the PL spectrum for sample C (having a period of 20/10 nm; thus an effective well confinement is anticipated) looks somewhat enhanced in the long-wavelength flank. Something must have happened to modify the typical band-to-band transition for silicon particles. For nanoparticles having a given size distribution, the incidence of a certain wavelength, following the quantum confinement mechanism, will incite a PL spectrum around a central wavelength corresponding to the most efficient excitation. Generally speaking, the peak position shifts with the excitation wavelength and the profile will become broadened when the particles assume a more diffuse size distribution. We observed that, due to the resonance energy transfer among the particles and the involvement of other recombination channels, the PL from a sample of two differing size distributions in layers even made of the same host material will not necessarily exhibit a broadened profile that candidly comes from the overlapping of the individual PL emissions corresponding to the most probable excitation of each specific size distribution. To this end, a multilayered structure with individual layers over 10 nm thick is unlikely to affect quantum confinement upon the electronic states because the electron mean free path is generally of the order of 1.0 nm and the electron wavefunctions are not coherent within the layer. Figure 3 displays the PL spectra measured at a fixed excitation wavelength on four Si-in-SiC samples-three monolayered Si-in-SiC films of different particle sizes and one period-3 multilayered structure with the sublayers corresponding to the three Si-in-SiC monolayers just mentioned above, which has a period of roughly 80 nm. The peak position of the spectra for the three monolayered samples shifts from 450 to 510 nm with increasing silicon particle sizes (roughly from 1.2 to 1.4 nm), clearly a quantum confinement behavior. The emission spectrum for the multilayered Si-in-SiC system is, however, considerably narrower than the superposition of the three simple samples. This clearly shows that PL properties for a multilayered structure of sufficiently narrower individual Si-in-SiC layers are evidently different from that of the simple Si-in-SiC film in which the amorphous SiC matrix provides a homogeneous potential field for the confined particles. Besides, it also facilitates an enhanced light emission in such a multilayered, single-matrix system [14, 19] . The effect of the multilayered structure will be more pronounced in the SiC/SiN x structure where the two compounds have largely differing bandgaps, especially when the layer thickness is sufficiently small that it can be taken as a quantum well.
In figures 4(a)-(c) are plotted sets of PL profiles measured on samples A, B and C, respectively, under an excitation wavelength varying from 335 to 455 nm. With the corresponding incident photon energy (3.7-2.7 eV), an effective excitation for the samples can be achieved. As anticipated, the PL from the multilayered structures of different period combinations exhibits nontrivial features, particularly in sample C where the narrow sublayers furnish a true confinement on the excitons. Considering first sample A, its PL spectra for shorter excitation wavelengths evidently possess a double-peaked profile, with the peak positions roughly corresponding to the light emissions from the silicon nanoparticles under two differing confinement conditions furnished separately by SiC and SiN x sublayers. But, with increasing excitation wavelength, the longer-wavelength side of the PL becomes continuously enhanced following the shift of the favorable excitations, yet the double-peak feature is still discernible at excitation wavelengths up to 415 nm. Further increases in excitation wavelength leave the nitride sublayers nearly unexcited, and the PL now is entirely contributed by Si-in-SiC, redshifting and becoming diminishingly weak. In sample B, the presence of the layered structure, having a reduced period (60/30 nm), begins to incite a 'blurring effect' such that, in comparison with sample A, the profiles shrink particularly from the longer-wavelength side. For example, in the case of excitation at 335 nm the width of the PL profile is ∼20 nm less. For excitation wavelengths from 415 nm on, the profiles, while also redshifting, look quite Gaussian. The situation becomes more pronounced in sample C which can be more properly termed a quantum well-dot system. The double-peaked feature is only identifiable for PL spectra (roughly taken as centered around 475 nm) under an excitation wavelength less than 375 nm, and the integral intensity is almost preserved. From then on the PL spectrum already looks Gaussian and the peak position seems pinned at a peak position of ∼500 nm, which is believed to correspond to the conditions under which the most efficient excitations have occurred. It does not redshift with increasing excitation wavelengths as for samples A and B, and remarkably its intensity only decreases at a restrained rate. Clearly, now, the stronger modulation induced by the quantum wells plays a role in modifying the energy transfer processes among the particles. The excitation concentrates, via energy transfer mediated by the quantum well, to the most efficient light emission channels in the SiC sublayers.
A picture can be formulated for the phenomena observed in sample C, the quantum well-dot system. At shorter excitation wavelengths, silicon particles both in SiN x and SiC are effectively excited; thus the profiles are determined by the combined contribution from the two sets of particles, slightly modulated by the well. With increasing excitation wavelength, the reduction in the efficiency for emission from SiN x is compensated by that (partially overlapping) from SiC. Therefore the profile shows roughly unchanged intensity (up to 395 nm). At this stage we see that an effective excitation can be achieved over a wide range and the emission profile is stabilized. At further longer excitation wavelengths, although the excitation of the Si particles in SiN x is less effective, the emission, now coming mainly from the SiC sublayers, is enhanced due to the suppressed carrier diffusion that the free carriers are spatially localized in a small region where non-radiative recombination centers can be easily saturated. On the other hand, the resonance energy transfer, from the nitride layer which lies at a relatively higher excitation state to the directly neighboring carbide sublayer, is believed to be the factor that stabilizes the emission. In fact, the resonance energy transfer process from Si nanocrystals to the 4f shells of rare earth ions has been profitably exploited to obtain efficient red or IR light emission [20, 21] . In the Si-in-SiC/Si-in-SiN x multilayer, the resonance energy transfer process occurs among Si nanoparticles confined in a regularly varied potential. In particular, the resonance energy transfer events from particles in the SiN x layer through the interface to the particles in the well-confined zone are more likely to enhance the light emission since the presence of a well structure affects a slow relaxation of electrons and holes to bound levels before radiative recombination [22] . Therefore, to some extent the profile seems 'pinned' at a fixed central wavelength. A conclusive explanation requires a detailed study of the energy transfer paths and the relevant dynamics.
Summary
In summary, the effect of well confinement on the PL spectral features of nanoparticles was investigated in the Si-in-SiC/Siin-SiN x multilayered structures. The particle size is roughly ∼1.4 nm and the emission occurs in the blue-green light range. The spectral profiles differ obviously from the straightforward superposition of emissions from the corresponding Si-inSiC and Si-in-SiN x sublayers. They are narrower, and with increasing excitation wavelength the emission at first is flattened and of almost equal intensities, and then it becomes roughly Gaussian and pinned (at ∼500 for sample C here). Modulation on the emission profiles by quantum well in the multilayered structures, as also weakly visible in the simple Siin-SiC multilayer, was tentatively explained by the enhanced resonance energy transfer among the particles due to well confinement. A detailed mechanism has to be inferred by further in-depth investigation. The intriguing emission features may open up possibilities for particular applications of light emission from silicon nanostructures, for example where a fixed emission spectrum is desirable even though the device is exposed to a diffuse, or varying, UV source.
